Aims Statins have beneficial vascular effects beyond their cholesterol-lowering action. Since macrophages play a central role in atherogenesis, we characterized the effects of simvastatin on gene expression profile of human peripheral blood monocyte (HPBM)-macrophages. Methods and results Gene expression profile was studied using Affymetrix gene chip analysis. Lentiviral gene transfer of Kruppel-like factor 2 (KLF-2) was used to further study its role in macrophages. Simvastatin treatment lead to downregulation of many pro-inflammatory genes including several chemokines [e.g. monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory proteins-1a and b, interleukin-2 receptor-b], members of the tumour necrosis factor family (e.g. lymphotoxin b), vascular cell adhesion molecule-1, and tissue factor (TF). Simvastatin also modulated the expression of several transcription factors essential for inflammation: NF-kB relA/p65 subunit and ets-1 were downregulated, and an atheroprotective transcription factor KLF-2 was upregulated. The effects of simvastatin on MCP-1 and TF could be mimicked by KLF-2 overexpression using lentiviral gene transfer. Conclusion Simvastatin has a strong anti-inflammatory effect on HPBM cells including upregulation of the atheroprotective factor KLF-2. This may partly explain the beneficial effects of statins on cardiovascular diseases.
Introduction
Inflammation and vessel wall macrophages play important roles in the pathogenesis of atherosclerosis. Lesion macrophages secrete a number of growth factors, cytokines, and other molecules, such as matrix metalloproteinases (MMPs), which are involved in lesion progression: they activate T-cells, enhance smooth muscle cells (SMC) proliferation, and contribute to endothelial dysfunction, lesion rupture, and blood coagulation. 1 Therefore, to effectively prevent and treat cardiovascular events, treatments targeting macrophages would be desirable.
The HMG-CoA inhibitors, statins, have other beneficial effects on atherogenesis in addition to their lipid-lowering action. These pleiotropic effects include e.g. the upregulation of the production of nitric oxide in endothelial cells (ECs), decreased proliferation of vascular SMCs, inhibition of platelet activation, and increased fibrinolytic activity. 2, 3 Importantly, statins have been shown to modulate the inflammatory process in the vessel wall. They reduce both the number and the activity of inflammatory cells within atherosclerotic plaques. 4 Favourable effects include the modulation of cytokine secretion and signalling, 3, 5 decreased monocyte-EC adhesion, 6 decreased expression of tissue factor (TF) and MMPs 4 in macrophages, and inhibition of oxLDL-induced macrophage proliferation. 7 Our recent finding that human lesion macrophages overexpress HMG-CoA reductase gene may explain why statins effectively reduce inflammation in the vessel wall. 8 Mechanisms underlying these pleiotropic effects remain incompletely understood. Studies implicate that the inhibition of isoprenoid synthesis [geranyl-geranyl-pyrophosphate (GGPP) and farnesyl-pyrophosphate (FPP)] mediates the effects of statins on GTP-binding proteins (e.g. Ras and Rho). 2, 3, 9 For example, Rho regulates eNOS gene expression and controls SMC proliferation. 10 Statins have been shown to influence the activity of some transcription factors: they inhibit the binding of NF-kB and activator protein AP-1 to nuclear proteins in SMCs and ECs. 11 Additionally, simvastatin has been shown to block tumour necrosis factor (TNF)-a-induced NF-kB transcriptional activity and IkB phosphorylation/degradation. Interestingly, statins have recently been shown to upregulate the expression of Kruppel-like factor-2 (KLF-2) in ECs. 12 KLF-2 is a transcription factor identified from the endothelial 'atheroprotective phenotype': its overexpression inhibits pro-inflammatory and pro-thrombotic gene expression in ECs, such as vascular cell adhesion molecule-1 (VCAM-1) and plasminogen activator inhibitor-1 (PAI-1) expression, and its overexpression enhances the expression of eNOS and thrombomodulin. [12] [13] [14] [15] KLF-2 expression in ECs is modulated by shear stress, and thus it might partially mediate the atheroprotective effects of steady laminar flow. 16, 17 Less is known about the role of KLF-2 in monocytes, but according to recent study, KLF-2 regulates the pro-inflammatory activation of monocytes, which suggests an anti-inflammatory role for KLF-2 in monocytes. 18 ETS-1 transcription factor takes part in vascular inflammation and remodelling. It regulates the expression of a number of vascular-specific genes, such as adhesion molecules, chemokines (e.g. MCP-1), and MMPs. 19, 20 Its expression can be induced e.g. by pro-inflammatory cytokines and vasoactive peptides such as angiotensin II, 19 but there are no studies implicating statin effects on its expression.
Although there is already evidence that statins have antiinflammatory properties, the mechanism of action remains incompletely understood. Especially, very little is known about the global effects of statins on macrophage gene expression. In this study, we show that simvastatin has a strong anti-inflammatory effect on human peripheral blood monocyte (HPBM)-macrophages, including downregulation of the expression of several cytokines, members of the TNF-family, and TF. These effects are mediated by the effects on transcription factors: simvastatin reduces NF-kB signalling pathway and c-ets, and upregulates KLF-2, which implicate an atheroprotective role for KLF-2 also in macrophages. These findings may at least partly explain the beneficial pleiotropic effects of statins on cardiovascular diseases.
Methods

Cell culture studies
HPBMs were isolated from buffy coats from healthy blood-donor volunteers (Finnish Red Cross, Helsinki, Finland) using Ficoll-Paque gradient centrifugation. 21 None of the blood donors was on statin therapy. During isolation, monocytes from three to four individuals were pooled. Adherent cells were cultured in standard medium [RPMI 1640-medium with 20% human serum (Cambrex), 1% penicillin and streptomycin, and 1% L-glutamine) for differentiation into macrophages. The macrophage-phenotype at day 7 after isolation was confirmed with the typical shape of macrophages and also by macrophage-immunostaining (mAB CD68, DAKO, Denmark), where macrophages presented .95% of the cell population (data not shown). Human monocytic THP-1 cells (ATCC TIB-202) were cultured in RPMI-1640 medium according to ATCCs instructions. Cells were stimulated by 0.1 mM phorbol 12-myristate 13-acetate (PMA) (Sigma, USA) to induce differentiation into macrophages (¼'THP-1 macrophages'). The study protocol has been accepted by the Ethics Committee of the University of Kuopio. The investigation conforms with the principles outlined in the Declaration of Helsinki for use of human tissues.
Simvastatin treatment
Simvastatin was a gift from Merck & Co. The inactive lactone form of simvastatin was hydrolyzed to the corresponding b-hydroxy acid. The HPBM-macrophages were treated with statin at day 7 after the isolation and the THP-1 cells at day 4 after the PMA-stimulation. Twelve hours prior to statin treatment, the cell growth media were changed to serum-free media. The statin-treated (10 mM simvastatin in serum-free media) cells were collected at 12 and 24 h for Affymetrix analyses. Statin-stimulated THP-1 macrophages were collected also at 48 and 72 h time-points for TaqMan analyses. The simvastatin treatment was also carried at lower concentrations of simvastatin (0.025-1 mM) in THP-1 macrophages for TaqMan analysis. The toxicity of simvastatin was assessed in cell culture: 5Â concentration of simvastatin (50 mM) had no effect on cell viability.
Inhibition of protein prenylation
The THP-1 macrophages were stimulated by 20 mM concentration of farnesyl transferase inhibitor (FTI-277, Sigma) and geranyl-geranyltransferase inhibitor (GGTI-298, Sigma). FTI and GGTI were dissolved in DMSO. Control cells were incubated with an equivalent concentration of DMSO.
RNA isolation
Total RNA was isolated from the cells using Trizol reagent (Gibco BRL, USA) according to the manufacturers' instructions. The quality of RNA was assessed by spectrophotometry (NanoDrop w , USA) and by agarose gel electrophoresis.
Microarray analyses
For Affymetrix analyses, three separate HPBM cell isolation and simvastatin experiments were performed (HPBMs from three individuals at each time, total n ¼ 9). Cells were collected at 12 and 24 h after the statin treatment. Total RNA was isolated as above. cDNAs were prepared from RNAs (5 mg of RNA) with reverse transcriptase (Superscript II primed by a poly(T) oligomer/T7 promoter). cDNAs were subsequently used as a template to make biotin-labelled cRNA with an in vitro transcription reaction. cRNAs (15 mg) were hybridized to Affymetrix HGU133 Plus 2.0 oligonucleotide arrays, which was processed and scanned according to the manufacturer's instructions. Each array quantifies the expression of over 47 000 transcripts (including full-length mRNA sequences and ESTs) derived from build 133 of the UniGene database (www.affymetrix.com).
Microarray data analysis
Affymetrix GeneChip
w Operating Software (GCOS) was used to generate. CEL files which were then converted into .DCP files using dChip (http://www.dchip.org) V1.3 software. 22 The arrays were normalized to baseline array with median probe intensity, and gene expression data were generated calculating model-based expression values. The t-statistic is computed as (mean1 2 mean2)/sqrt(SE(mean1) 2 þ SE(mean2) 2 ), and its P-value is computed based on the t-distribution and the degree of freedom is set according to the Welch modified two-sample t-test. In this study, genes were considered differentially expressed if they changed more than 1.5-fold (90% confidence bound of the fold change), absolute difference of signals was .100, at least 40% of the samples were called present in both groups and False Discovery Rate was 1%. Hierarchical clustering was performed by dChip using the Pearson correlation with a centroid-linkage method. 23 Gene function analysis was performed by using the gene ontology mining tool GoSurfer incorporated in dChip program. The.CEL files and pivot table.txt tabdelimited files (GCOS) are available at GEO repository (www.ncbi.nlm.nih.gov/GEO) with series record GSE4883.
Real-time quantitative RT-PCR (TaqMan) analyses
TaqMan analyses were performed to validate gene expression changes of the selected genes. TaqMan analyses were performed from the same HPBM-samples as Affymetrix analyses and in THP-1 macrophages with protein prenylation inhibitors. Total RNA was converted to cDNA by in vitro transcription reaction (M-MuLV Reverse Transcriptase, Finnzymes, Finland). cDNAs (10-25 ng of cDNA depending on the gene) were used as templates for TaqMan qRT-PCR with ABI Assays-on-Demand on ABI Prism 7900 sequence detection system. The specific assays used were Hs00360439-g1 (KLF-2), Hs00234140-m1 (MCP-1), Hs00175225-m1 (TF), Hs00234142-m1 (MIP-1a), Hs00242737-m1 (LTB), and Hs00231279-m1 (p65/RelA). All samples were run in quarduplicate, and rRNA assay (Ribosomal RNA control reagent, ABI) was used as an internal control to normalize the RNA amount. Quarduplicates were averaged to calculate an expression value for each sample, and data were presented as mean expression value relative to the control + standard deviation. To evaluate statistical significances, independent samples t-test was used for the appropriate parameters (Microsoft Excel).
Western blot analyses
HPBM and THP-1 cells treated with protein prenylation inhibitors were lysed in lysis buffer (50 mM Tris, pH 7,5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxylacholate, 0.1% SDS, and 10% glycerol). Cells were incubated on ice for 10 min and centrifuged (10 000 g) for 10 min at þ48C. Supernatants were transferred into new tubes and the protein concentration was determined using the BCA protein assay kit (Pierce, USA). For western blot, sample (20 mg of protein) was separated in 12% SDS-PAGE gel. After electrophoresis, proteins were transferred onto nitrocellulose membranes (Trans-Blot Transfer Medium, Bio-Rad Laboratories, CA, USA). Membranes were blocked overnight at þ48C (5% goat serum, Vector laboratories) in Tris-buffered saline with 0.1% Tween 20 (TBS/T), pH 7.6. Membranes were incubated with a diluted primary antibody (Anti-KLF-2, Abcam Cambridge, UK, 3 mg/mL) in 5% goat serum in TBS/T overnight at þ48C. After washing with TBS/T, membranes were incubated with a diluted secondary antibody (Peroxidaseconjugated Affinipure Donkey Anti-Goat, Jackson Immunoresearch, USA, 8 ng/mL). Antigen-antibody complexes were detected by chemiluminecence (Supersignal West Dura Extended Duration Substrate, Pierce) and exposed to a high-performance chemiluminescence film (Amersham Biosciences, UK).
Kruppel-like factor 2 overexpression studies
The lentiviral vector constructs and the preparation of the viruses have been described elsewhere. 17, 24 As controls for lentivirus overexpressing KLF-2, we used respective virus without KLF-2 and no-virus-containing control. THP-1 derived macrophages were transduced overnight using MOI 5 and MOI 10. After 7 days, RNA was isolated for TaqMan analyses of KLF-2, MCP-1, and TF expression as above. Co-stimulations of simvastatin and lentiviral overexpression of KLF-2 were performed with THP-1 macrophages. Seven days after lentiviral overexpression of KLF-2 (MOI 10) and/or statin stimulation (day 6, 10 mM simvastatin), RNA was isolated and used for the analysis of KLF-2, MCP-1, and TF expression as above.
Results
Simvastatin attenuates the expression of inflammatory genes in human peripheral blood monocytes
To examine the transcriptional response to simvastatin in HPBMs, we performed genome wide gene expression analysis using Affymetrix gene chips at time-points 12 and 24 h after the statin treatment. From the 47 000 transcripts on the Affymetrix gene chip, a total of 589 genes showed statistically significant changes in expression either at 12 or 24 h as compared with the control group using a value of 1.5 for the lower bound of the 90% confidence interval for the fold change as a cutoff. When analysed separately, 280 genes were either up-or downregulated at 12 h and 502 genes at 24 h. As a general phenomenon, we found more downregulated genes that upregulated genes after the statin treatment.
To assess the relationships and coordinate expression profiles between the regulated genes, we performed a cluster analysis of the pooled dataset. The analysis showed 10 well-defined clusters, which contained several genes that were related (e.g. the same gene family or the functional group), for example 'inflammatory gene cluster' (cluster 3), 'cell structure' (cluster 2), 'cholesterol-metabolism-cluster' (cluster 5), 'signal transduction with downregulation' (cluster 4), 'signal transduction with upregulation' (cluster 6), 'KLF-cluster' (cluster 8), and 'metallothionein cluster' (cluster 10) ( Figure 1 , Table S1 in Supplementary material online).
We found that the inhibition of HMG-CoA reductase in macrophages and the subsequent reduction in the cholesterol synthesis lead to compensatory changes at 24 h in several genes functioning in the cholesterol metabolism ( Table 1) : HMG-CoA reductase was induced 1.85-fold, as well as enzymes participating in the HMG-CoA synthesis (Acetyl-CoA synthase 1.73-fold; HMG-CoA synthase 2.82-fold). We also found induction of downstream enzymes, such as farnesyl transferase (1.53) and squalene epoxidase (1.96). Additionally, LDL-receptor gene was induced 1.79-fold. A similar pattern of changes in gene expression (upregulation at 24 h) was also seen in cholesterol-metabolism-related genes in cluster analysis: the above-mentioned genes formed a separate cluster (cluster 5) ( Figure 1 , Table S1 in Supplementary material online). Therefore, we concluded that the simvastatin treatment was efficient enough to affect cholesterol and prenyl metabolism, and the Affymetrix system was sensitive enough to detect these changes in gene expression.
Simvastatin treatment led to a reduced mRNA expression of many inflammatory genes ( Table 1) . These genes include several chemokines, such as MCP-1 and macrophage inflammatory protein-1a (MIP-1a) and -b, RANTES, CXC9, and CXC10; several members of TNF superfamily, such as TRAIL and lymphotoxin b (LTB); interleukin receptors, adhesion molecules, such as VCAM-1 and ICAM-3; and TF. Several inflammatory genes and mediators of inflammatory gene signalling had similar expression patterns in macrophages, as demonstrated by cluster analysis. The cluster number 3, which includes genes with downregulated gene expression, contains almost entirely inflammatory genes, and includes the above-mentioned members of the cytokine and TNF-families.
The expression changes in cytokines MCP-1 and MIP-1a, TF, and a member of TNF-family (LTB) were further confirmed by TaqMan analyses in HPBM as well as in THP-1 derived macrophages (Figure 2A and B) . Downregulation of MCP-1 and TF sustained for 48 and 72 h in THP-1 cells (data not shown).
3.2 Simvastatin attenuates inflammatory signalling in macrophages: downregulation of NF-kB relA/p65 subunit mRNA expression and upregulation of Kruppel-like factor 2 expression
In Affymetrix analysis, simvastatin treatment lead to reduced expression of several genes that mediate inflammatory signalling in cells, including several guanylate-binding proteins (GBP 1-5), Ras and Rho-proteins; and several transcription factors, such as NF-kB relA/p65 protein, PPARd, and v-ets. The expression of KLF-2 was strongly induced (3.9-fold upregulation at 12 h, 9.3-fold at 24 h). Additionally, the KLF family members KLF-3 and -4 had increased expression levels. Most of the inflammatory signalling-related genes clustered together with other inflammatory genes to cluster 3, which shows decreasing expression pattern, whereas KLFs 2-4 formed a separate cluster with increasing expression patterns (cluster 8) (Figure 1 , Table S1 in Supplementary material online).
In Affymetrix analysis, several members of the NF-kB signalling pathway showed a trend to reduced RNA expression levels, for example NF-kB /rel protein RelA/p65 (22.0-fold decrease at 24 h), RelB and NF-kB p50, but all the changes were not statistically significant. Additionally, several members of the signalling cascades leading to NF-kB activation had downregulated expression, e.g. protein kinase C (21.4) and Akt and Cot (21.4). Also JAK-STAT (STAT 21.6-fold) signalling pathway was donwnregulated.
The expression changes of relA/p65 and KLF-2 were further studied with TaqMan in HPBM and THP-1 macrophages (Figure 2) , and KLF-2 protein expression by western blot analysis ( Figure 2C ). TaqMan analysis confirmed the downregulated levels of relA/p65 mRNA in HPBM cells (Figure 2A) , as well as the induction of KLF-2 expression in HPBM and THP-1 macrophages (Figure 2A and B) . There was also an increase in the KLF-2 protein ( Figure 2C ). The effect of simvastatin on KLF-2, TF, and MCP-1 expression was detected also at concentration of 1 mM simvastatin as studied by TaqMan analysis (data not shown). However, at lower concentrations of simvastatin (0.025-0.1 mM), the effect was not as remarkable.
3.3
The inhibition of protein prenylation has the same effect on Kruppel-like factor 2, monocyte chemotactic protein-1, and tissue factor expression as simvastatin THP-1 macrophages were treated with protein prenylation inhibitors GGTI (inhibitor of geranyl-geranyl transferase) and FTI (inhibitor of farnesyl transferase). Both GGTI and FTI treatments lead to the downregulation of MCP-1 and TF mRNA expression and to the upregulation of KLF-2 expression ( Figure 2B) . Moreover, simvastatin, GGTI, and FTI treatments had similar effects on KLF-2 protein expression ( Figure 2C ).
Monocyte chemotactic protein-1 and tissue factor are Kruppel-like factor 2 target genes in macrophages
To test whether MCP-1 and TF are KLF-2 target genes in macrophages, we performed lentiviral-mediated KLF-2 overexpression in THP-1 macrophages. Lentiviral transduction led to very strong (6000 and 12 000-fold at 7 days for MOI 5 and MOI 10, respectively) expression of KLF-2 in macrophages ( Figure 3A) . In macrophages overexpressing KLF-2, the expression of MCP-1 was repressed 25.9-fold (MOI 10) and TF 21.9-fold (MOI 10) relative to control virus ( Figure 3A) . We also studied the effects of lentiviral KLF-2 overexpression in combination with statin treatment in THP-1 macrophages ( Figure 3B) . However, simvastatin treatment had no additional effects over KLF-2 overexpression.
Discussion
This gene expression array study of simvastatin effects on macrophages shows that simvastatin has a global Figure 1 Cluster analysis of gene expression data. Clustering reveals 10 well-defined clusters including 'leukotriene signalling' (cluster 1), 'cell structure' (cluster 2), 'inflammatory genes' (cluster 3), 'signal transduction, downregulated' (cluster 4), 'cholesterol metabolism' (cluster 5), 'signal transduction, upregulated' (cluster 6), 'orosomucoid-cluster' (cluster 7), 'KLF-cluster' (cluster 8), 'tiny cluster' (cluster 9), and 'metallothioneins' (cluster 10). Red indicates upregulated expression relative to control (baseline) and green indicates downregulated expression. The list of genes in different clusters is presented in Table S1 in Supplementary material online. anti-inflammatory effect on macrophages, which includes attenuated expression of several pro-inflammatory cytokines, TNF family members, TF, adhesion molecules, and molecules mediating inflammatory signalling ( Figure 4 ). All these molecules play important roles in atherogenesis. Interestingly, also some less known TNF-family members, such as TRAIL and LTB, were attenuated by simvastatin. Clustering of gene expression data to several well-defined clusters suggests that the effects on simvastatin on gene expression are mediated by several different pathways. The potency of the cluster analysis in finding groups of genes with similar regulatory mechanisms is demonstrated by the clustering of genes coding for proteins participating in cholesterol and lipid metabolism to a separate cluster (cluster 5): this can be explained by the control of their expression by sterol regulatory elements: cholesterol deprivation induces their expression via SREBP1. 25 Additionally, many cytokines and other inflammatory proteins had similar decreasing expression profiles (cluster 3), which might suggest that the effects of simvastatin on pro-inflammatory gene expression are mediated by the same mediators. Additionally, the KLFs 2-4 formed a separate cluster (cluster 8), as well as metallothioneins (cluster 10). Several metallothioneins (MT 1E, X, G, and 2A), which participate in the metal homeostasis as well as the control of REDOX-balance, inflammation, and cell proliferation, 26 are induced at 12 h by simvastatin in a similar manner. However, their role in macrophages has not been established, and there is no previous information about their regulation by statins.
The anti-inflammatory effect of simvastatin can be at least partly explained by its impact on pro-inflammatory signal transduction. Several members of the NF-kB signalling pathway had reduced mRNA expression levels, for example NF-kB complex proteins p65/RelA, RelB, and p50. Additionally, several members of the signalling cascades leading to NF-kB activation had downregulated expression, e.g. Janus kinases, protein kinase C, Akt and Cot. It has been previously shown that statins inhibit the binding of NF-kB to nuclear proteins 11 and inhibit the phosphorylation and degradation of the NF-kB inhibitory protein IkB. 27 We show here that simvastatin downregulates mRNA expression of the NF-kB subunits in HPBM cells. Besides NF-kB signalling, a potent pro-inflammatory transcription factor c-ets, which mediates e.g. MCP-1 and phospholipase expression, 19, 20 as well as the family of GBPs 1-5, and JAK-STAT signalling pathway were downregulated by simvastatin.
We show here that KLF-2, as well as its family members KLF-3 and KLF-4, are induced in macrophages by simvastatin. KLFs are recently characterized zinc finger transcription factors that have several important functions; they modulate cell differentiation, organ development, and proliferation. 16 KLF-2, -4, -5, and -6 have particular importance in the vasculature, and they have functional as well as pathological roles. 16 KLF-2 has been shown to be essential for the vascular development, 16 and it has been identified as part of the 'atheroprotective phenotype' of ECs. It is induced by steady laminar flow 28, 29 and inhibited by TNF-a 28 and IL-1b 14 in ECs. It has several anti-inflammatory properties, such as reduction of adhesion molecule expression. 14 Additionally, KLF-2 has been shown to regulate the thrombotic function of ECs, e.g. the expression of thrombomodulin, eNOS, and PAI-1 as wells as cytokine-mediated production of TF. 13 Global analysis of gene expression changes after adenoviral overexpression of KLF-2 in ECs showed that induction of KLF-2 resulted in the regulation of endothelial transcription programmes controlling inflammation, thrombosis/ hemostasis, vascular tone, and blood vessel development. 12 Moreover, another microarray study showed that KLF-2 acts as a general transcriptional switch point between the quiescent and activated status of ECs where lentiviral overexpression of KLF-2 resulted in changes in several key functional pathways such as cell migration via VEGFR2, inflammation, and hemostasis. 30 Recently, it has been shown that statins upregulate KLF-2 expression in ECs, which might partly explain the atheroprotective effects of statins. 12, 15 The statin effect on KLF-2 was dependent on the ability of statins to inhibit Rho-pathway, as adenoviral overexpression of Rho-protein decreased KLF-2 expression. 15 Very little is known about the role of KLF-2 in macrophages. A recent study showed that KLF-2 regulates pro-inflammatory activation of monocytes: overexpression Simvastatin has a strong anti-inflammatory effect on HPBM macrophages. The inhibition of NF-kB and ets signalling and the upregulation of KLF-2 signalling by simvastatin leads to attenuated expression of many pro-inflammatory genes (see also of KLF-2 inhibited LPS-activated production of cytokines and reduced phagocytic activity. 18 Interestingly, the expression of KLF-2 was reduced in circulating monocytes in patients with coronary artery disease. 18 In this study, we showed that KLF-2 is induced by simvastatin in mature human macrophages. We also showed that the mechanism of induction of KLF-2 by simvastatin in macrophages is dependent on the inhibition of protein prenylation. Additionally, by lentiviral overexpression of KLF-2, we showed that MCP-1 and TF are KLF-2 target genes in macrophages, and KLF-2 represses their expression. Moreover, several KLF-2 EC target genes, 12 e.g. CXCL10, CCL5, and TNF, had changed expression levels in simvastatin-stimulated macrophages, which suggests them to be potential KLF-2 target genes in macrophages as well. Taken together, this suggests an antiinflammatory and vasculoprotective role for KLF-2 in macrophages.
In addition to the induction of KLF-2, we showed that also its family members KLF-3 and KLF-4 are induced by simvastatin. However, the functions of KLF-3 and KLF-4 are poorly known and further studies are needed to clarify their role in macrophages and other cell types.
The inhibition of protein prenylation by inhibitors of geranyl-geranylation and farnesylation had similar effects on KLF-2, MCP-1, and TF expression as simvastatin. Isoprenoid binding to Ras and Rho proteins is essential for the initiation of G-protein signalling, which controls for example cell proliferation and stress responses. Farnesylated proteins include e.g. Ras, whereas Rho and Rac activations are dependent on geranyl-geranylation. 9 The similar effects achieved by protein prenylation inhibitors and simvastatin suggest that the simvastatin effects might be dependent on the inhibition of protein prenylation. It would be interesting to study whether alterations in cellular cholesterol content correlate with these effects and whether similar effects on cellular transcriptional machinery could be achieved via other means that can alter cellular cholesterol levels.
In conclusion, we show here that simvastatin has a strong anti-inflammatory effect on macrophages including attenuated expression of several cytokines, TNF family members and some pro-inflammatory signalling molecules (Figure 4) . Most interestingly, transcription factor KLF-2 is upregulated by simvastatin in macrophages. These findings support the notion that statins have other anti-atherogenic actions beyond their effects on plasma cholesterol.
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